In this paper a novel optofluidic setup, fabricated on a single layer device for in-line droplet characterization yielding droplet-size, droplet-frequency, and optical properties with compatibility for full on-chip integration is presented. Chips were fabricated using a simple, fast, and cost effective technology. A T-junction arrangement on the device is used for droplet generation. The optical part of the setup consists of an external light source, external silicon photodetectors, integrated air micro-lenses, and an integrated waveguide. The design makes use of partial light reflection/transmission at the solidliquid interface to count, size, and discriminate droplets based on their optical properties. When passing the interrogation point, droplets having a lower refractive index as the continuous phase result in light deflections. Both, reflected and transmitted light, are detected simultaneously. A relation of those two signals is then used for the analysis resulting in a continuously stable signal. The generated pattern is unique for different droplets and can be exploited for droplet characterization.
INTRODUCTION
Micro-droplet based on-chip analysis is an emerging subfield of microfluidics [1, 2] . The combination of two or more immiscible fluids [3] within the same microchannel enables the formation of enclosed micro-environments, creating very tiny chemical or biological reaction chambers having advantages in safety as well as economical issues. In recent works manipulation of micro-droplets was studied extensively [4] [5] [6] [7] now being able to fully control the motion of droplets onchip. Coalescence of distinct droplets in a microchannel has been demonstrated as well [8] , facilitating fully controlled reactions on nano-scale. Applications of such a system include chemical and biochemical screening [9, 10] , enzymatic kinetic assays [11] , as well as single cell encapsulation [12, 13] . Now being aware of the vast potential of micro-droplets, reliable, in-line, and fast on-chip characterization methods are sought after. A promising approach for high throughput on-chip analysis of particles and cells is microflow cytometry [14, 15] . Nevertheless, most systems dealing with micro-droplet analysis are still microscopy based, requiring bulky and expensive instruments for the read-out. Fattaccioli et al. [16] have used a standard flow cytometer for droplet characterization. Niu et al. [17] have implemented an electronic feedback system based on capacity measurements allowing for on-chip detection and control of micro-droplets at high-speed. Srisa-Art et al. [18] have used an external optical setup and fluorescent labeling for the detection of single DNA molecules in aqueous microdroplets. Nguyen et al. [19, 20] have integrated an optical interrogation zone on a microfluidic chip. Samples passing through the analysis channel were exposed to laser-light approaching the channel in an angle of 90°. A droplet having an index of refraction (n) different than the continuous phase results in light deflection at the curvature of both droplet sides. These two deflections are subsequently detected in the signal of an external avalanche photodiode. In that way droplets could be analyzed with a throughput of up to 2.5 Hz and information about the interfacial tension between droplets and continuous phase were obtained. However, the fact that no signal is obtained while the body of the droplet is passing the interrogation point is a major drawback of this setup. In the case of a 90° contact angle between droplet and channel wall (no curvature at the droplet endings anymore) no change in signal, except for different absorbencies of droplet and continuous phase could be detected at all.
The optofluidic principle presented in this paper makes use of total internal reflection at the droplet channel-wall interface as an indicator for droplet presence. In a novel arrangement the relation between reflected and transmitted light is used as readout signal. This duplicate information is exploited as a permanent control signal and results in drastic signal stabilization. An illustrative schematic is given in Fig. 1 . Slightly diverging laser light is approaching the microfluidic channel in an angle of 19°. This angle was optimized for the refractive index range of interest in this paper (n of 1.33 to 1.44). The generation of droplets is managed by a T-junction arrangement. A self-aligned integrated waveguide (light path irreversible defined by device fabrication; no need for external alignment) ensures precise on-chip light guiding towards the analysis channel and integrated air micro-lenses are used for light focusing. At droplets having a low n the major part of the incident light is totally reflected and subsequently detected in output 1 (Fig. 1a) . With increasing n less light rays are totally reflected at the solid-liquid interface and more rays penetrate the droplet (Fig. 1b) . This results in a decrease in output 1 and a concurrent increase in output 2. Having this information, droplets of any shape, even with a contact angle of 90°, can be counted and sized. Additionally, discrimination of droplets based on their refractive indices was achieved which can be exploited for the detection of dissolved molecules (e.g. calcium chloride) therein.
MATERIALS
Chips were fabricated using dry film resist (Ordyl SY330 and SY317; ElgaEurope, Italy). Ordyl developer was composed of xylene, 2-butoxyethylester, and ethylbenzene (56/30/14, v/v/v; Sigma-Aldrich, USA). The continuous phase in all the experiment was mineral oil with n of 1.467 (Sigma-Aldrich, USA). To increase droplet stability a surfactant (1 % v/v, Span 80, n of 1.48; Sigma-Aldrich, USA) was added to the continuous phase [21] . Calcium chloride dihydrate (CaCl 2 ·2H 2 0) for the droplet discrimination experiment was purchased from Carl Roth (Germany). A 531 nm diode pumped solid state laser (Optotronics, USA) was used as external light source. Peripheral light guiding was managed with reduced cladding glass fibers (50 µm core diameter, 70 µm cladding diameter; Polymicro Technologies, USA) and pre-amplified silicon photodetectors (Thorlabs, USA) were used for the readout.
DEVICE FABRICATION
For device fabrication negative dry film resist, Ordyl SY330 and Ordyl SY317 having a thickness of 30 µm and 17 µm, respectively, was used. The fabrication process for the devices is divided into 6 main steps (Fig. 2) . For other applications and more detailed information about this fabrication method the reader is referred to other works [22, 23] .
A 125 µm thick polyester foil is used as a substrate for the devices. At first, a 17 µm Ordyl layer is laminated onto the polyester foil (Fig. 2a) . After lamination, the foil is flood exposed to UV light for 24 seconds (Fig. 2b ). This layer improves the adhesion of following layers, allowing for the realization of higher aspect ratios. In the next step multiple Ordyl layers are laminated (total thickness of 107 µm) on top of the 17 µm Ordyl layer (Fig. 2c) . Using a high-resolution printed foil mask (64 000 dpi) the microfluidic and optical elements are structured into the 107 µm thick Ordyl layer (UV exposure for 24 seconds; Fig. 2d ). After a post exposure bake (5 min at 70 °C), development is performed under ultrasonic actuation for 2 min in Ordyl developer (Fig. 2e) . To close the microfluidic structures a polymethyl methacrylate (PMMA) microscope slide, after drilling holes for liquid in-and outlets, is bonded on top of the Ordyl structures by lamination (Fig. 2f) .
EXPERIMENTAL SETUP
A schematic of the overall setup, consisting of an external light source, three reduced cladding glass fibers, two preamplified silicon photodetectors, a digital storage oscilloscope, the continuous phase (oil), the droplet phase (DI or CaCl 2 dissolved in DI), a fluidic waste box, and the optofluidic chip, is given in Fig. 3 .
One end of all three glass fibers is equipped with an SMA connector for direct connection to the light source as well as to the photodetectors. The bare, other end is clamped onto the optofluidic chip using integrated fiber-grooves. The signals of the two photodetectors are recorded simultaneously using a digital storage oscilloscope. Two separate syringe pumps manage the supply of continuous and droplet phase through PTFE tubings into the microfluidic channels. A T-junction arrangement on chip is used for droplet generation. The outflow is collected in a waste box. To allow for visual inspection of the micro-droplets the optofluidic chip is placed under a light microscope having a high-speed CMOS camera (up to 10 000 frames per second) attached. 
RESULTS AND DISCUSSION
DROPLET COUNTING In a first experiment the ability of the proposed system for droplet counting was investigated. DI water was used as droplet phase. Both signals, output 1 (reflected light) and output 2 (transmitted light), were recorded simultaneously. In both signals peak-detection above a certain threshold was applied and a relation between droplet frequency and total flow rate was obtained (Fig 4) .
Droplets were successfully counted up to 320 droplets per second. For all the individual measurement points the droplet/oil ratio was kept identical. As the mechanical properties of the continuous (oil) and the droplet (DI water) phase are different their particular flow rates could not be scaled linearly but had to be adapted accordingly. This manual adaption results in small variations in the linear correlation between droplet frequency and total flow rate, especially at higher values (see Fig 4. between 30 -50 µL/min). At frequencies above 320 droplets per second two effects strongly influenced the analysis. At first, instabilities in the generation of droplets at the implemented T-junction occurred, resulting in a stream of oil and a stream of DI water next to each other rather than a break-down into distinct droplets. This could be corrected for by integration of a more sophisticated droplet generation principle (e.g. cross-junction). The second effect is related to the optical read-out. With increasing droplet frequency the droplet size gets smaller resulting in lower peaks in output 1. Simultaneously, the inter droplet spacing decreases, lowering peak intensities in output 2 as well. At a certain point the peaks become lower than the noise level of the applied silicon photodetectors, making an accurate decision on droplet presence challenging. Using detectors of higher quality and/or adapting the optical interrogation point (downsizing the illuminated part of the channel) would drastically widen the range of droplet frequencies this principle can be applied for.
DROPLET SIZING
The second application this device can be used for is droplet sizing. As for the counting experiment, DI water was used as the droplet phase. The different shapes of the analyzed droplets are depicted in Fig. 5 . Elongated droplets (I+II+III), squeezed inside the channel as well as spherical ones (IV+V), not or hardly touching the channel walls were investigated.
After peak detection, the peaks of output 1 (reflected) were integrated over time and plotted in a histogram (Fig. 6) . The droplet size was varied by changing the ratio of the flow velocities of droplet and continuous phase. The total flow rate was kept constant at 6 µL/min. For higher ratios (larger droplets) the signal of output 1 is a valid measure for the discrimination of droplets based on their size (black I, red II, and blue III distributions in Fig. 6) . A clear separation of those clusters is achieved. With decreasing droplet size the amount of reflected light decreases. Once the droplet shape changes from elongated droplets, which are squeezed in the microchannel, to spherical droplets not or hardly touching the channel wall no discrimination of droplets based on the signal of output 1 can be achieved anymore (pink IV and green V distributions in Fig.  6 ). 
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The signal of output 2 was analyzed simultaneously to output 1. After integration, the peak areas were again plotted in a histogram (Fig. 7) . The situation compared to the analysis of output 1 is the contrary. For larger droplets, meaning less light reaching output 2, a separation based on size is barely possible (blue III, red II, and black I distributions in Fig. 7) . The clusters are fully overlapping precluding a valid discrimination. With decreasing droplet size the signal in output 2 increases, resulting in a well-defined separation of the clusters in the histogram (pink IV and green V distributions in Fig. 7 ). Now having information of both, reflected (output 1) and transmitted (output 2) light, sizing of droplets over a huge range of dimensions, covering squeezed droplets (elongated) as well as spherical ones (not or hardly touching the channel wall) is possible using the same analysis device. A rearrangement of the optical elements on-chip can be used to optimize the device for any indices of refraction. For the analysis of DI droplets (n of 1.33) the current design of the device is more sensitive to light reflection rather than transmission which explains the better separated clusters and more distinct peaks in Fig. 5 than in Fig. 6 .
DROPLET DISCRIMINATION
Another application of this device is the discrimination of droplets based on their optical properties. As described in the introduction, droplets having a high n result in more light reflection and vice versa. The range of sensitivity of this device (i.e. the indices of refraction at which partial total internal reflection occurs at the solid-liquid interface) was optimized for the discrimination of DI water (n of 1.33) and 5 mol/L CaCl 2 (n of 1.44 [24] ) droplets.
The total flow rate for the discrimination experiment was set to 1.5 µL/min (continuous phase: 0.5 µL/min; droplet phase: 1 µL/min), resulting in a droplet frequency of about 4.5 droplets per second. A total of approximately 400 DI and 400 CaCl 2 droplets were pumped through the microfluidic channel. For all those individual droplets the signals in output 1 and 2 were recorded simultaneously. The two peaks arising from a single droplet (reflected and transmitted signal) were integrated and the difference in peak area was calculated. The obtained histogram is given in Fig. 8 . At the solid-liquid interface of DI droplets the fraction of reflected light is significantly higher than the transmitted one. The situation for CaCl 2 droplets is the opposite. A smaller part of the light is reflected and subsequently more light reaches output 2. The obtained histogram shows a full baseline resolved separation of DI water and CaCl 2 droplets allowing for a univocal discrimination of those two types of droplets.
To be mentioned at this point as well, a small adaption in the optical interrogation point (changing the angle of the incident light) of this device allows for shifting the range of sensitivity to any other values.
CONCLUSIONS
A novel optofluidic arrangement on-chip, consisting of a microfluidic T-junction for droplet generation, an integrated waveguide for precise light guiding, and integrated air micro-lenses for light focusing enables fast droplet counting. The maximum frequency of 320 droplets per second is caused merely by design parameters rather than weaknesses of the analysis principle. The actual limitation of the method has clearly not been reached so far. Besides counting, the individual droplets were sized based on both, reflected and transmitted light signals. By using the information of both signals for the analysis the range of droplet sizes this principle can be applied for was tremendously increased compared to single signal approaches.
Another feature of this device is the discrimination of droplets based on their optical properties. As a proof-ofprinciple study 5 mol/L CaCl 2 and DI water were used as droplet phase successively. The range of sensitivity of the device was optimized for those two liquids. The obtained results allow for a univocal discrimination of those two droplet phases based on their unique reflected and transmitted light pattern. A small adaption in the optical interrogation point allows the range of sensitivity to be shifted to any values of interest. This principle can be applied for the detection of any molecules dissolved in the droplet phase as long as they have a significant influence on the index of refraction. Two practical applications would be the determination of DNA or protein content in the droplets.
